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This paper deals with the 2CHLCl] computer used in the 
Contrel Station Fire Control System es installed in the U. S. Army 
_ Aap forces’ heavy bosber, type B29. Essentially, the computer com 
civte of six servonechanioms which position goers, “waggle sticks", 
and finally four differential synchro-generators, the latter modify~ 
ing signals sent from the sighting station for ballistic and lead 
corrections developed within the computer and transmitting the 
resultant gun orders to the firing station. 

In their report the authors have presented results of de- 
tailed tests on three of the servomechanism channels, the ‘ange Input 
Ghannel, the ‘simuth Input channel, and the ‘levation Input channel. 
Teste wore made chiefly from a transfer function viewpoint. certain 
static sensitivities within the equipment were measured. The /ltitude 
and Airspeed Input Channel end the Asimth and “levetion Total-correction 
Chamnels were not tested in thorough detail since certain sesential umits 
of the system were not available. lovever, other pertinent information 
on theee channels is presented insofar as experimental determination was 
possible. 

Briefly, the chief results and conclusions may be listed as 
follows: 

1) ‘The servomechenim channels are properly damped and 
atable but have a rather low resonant frequency. - 

2) Maxime speed of follow-up in these channels, as limited 
by the driving motors, is too slow to handle modern, high-velocity 
problems. 
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3) Solution time is relatively long, and 1s syproxiantely 
proportional to the amount of total correction required. 

i) The overall computer performance is limited by the con~ 
tector or discontinuous type of servomechnaisms used. These fonction 
as proportional type servos, and as such have steady state velocity 


With the advent of large bember-type aircraft, such es the 
Air Porces' B29, and the necessity for protecting these aircreft 
from eneny fighters, application of fire control principles te air 
craft armament has become feasible and necessary. Current applica- 
tiomof these principles follew tro distinct lines. They ere: (1) The 
disturved reticle type ef sight, such ae the Mk, 18 or the i=l, the 
latter described in detail in Detailed Theory snd Jenputations for the 
in) Sight for the Gontrel of Gunfire from Fixed Guas, Rocketfire, snd 
Bowbing from Aircraft by Or. 6. S- Oraper. This type of system, in 
brief, involves a line of sight kept on the target via « reticle which 
ie offset from the gun line by the amount of correction necessary to 
insure that the projectiles hit the target. (2) The fixed reticle type 
of sight, which employs @ computer to offset the guns for lesd correc~ 
tions, ouch as the Generel Plectric system used in the )+29 aircraft. 
The latter installation is described in U. 5. Aray Technical Order, 
11-701, The Central Station Fire Control System. 


The present problem involves the fixed reticle type of gun 
director. ‘The system that is used in the Air Yorces’ B+29 aircreft 
resembles closely that which is used aboard modern ships of the Navy, 
and, es far as is known, represents the first time that the type of 
system has been applied to aircraft fire control. It is referred to 
as the fixed reticle, central station fire control system, and in 


general, consists of: (1) A director station in which @ line of sight 


is established te the target and is kept there by proper tracking in 
accordance with the target motion. ‘The director has a fixed tracking 
index or reticle which moves integrally with it. (2) A computing 

station to which information from the director is sent to be properly 


combined with such additional data ae is necessary to compute a core 
rect gun order signal. (3) A firing station, or group of such stations 
which follow the gun orders ss developed by the director and the com 
puter, Hodern central station fire control systems utilize servomechs= — 
nism technique to render the operstion of the system almost completely 
automatic from the director through to the firing station. Ih these | 
systens the three basic divisions become more emphasized. 


In the discussion to follow, a6 well as in the subsequent . 

_ chapters, the tarminology used is due to the U. %. Army Technical 
Order 11-704-1 previously cited, with the sdditions that the terns 
"gynchro” and *Selsyn" are used interchangeably, and “servemecheniam" 
is used to indicste a followup system. In the diagrams, dotted Lines 
are used to indicate mechanical linkages, and unless otherwise noted 
full lines are used to show electrical wiriag, circuits, constants, and 
units. 


Fig. 1 is @ schematic diagram of the central station fire con- 
Quek qpoten which 40 weed fn the Bold type shverett. The figwe cam 
in the blocks the three divisions typical of this fire control system. 
It will be noted that each of the divisions, the sighting station, the 
computer, and the turret, are mechanically independents 1.0., they are 
wineaben only electrically. In the sighting station the gunner generates 


an electric signal in the aynchro generator indicating position ty turn 


ing the sight head. Here, as in the turret, the signal system is com 
posed of one and 3] speed synchros to provide the necessary accuracy. 


, The signal opp ere as a volkage in the computer differential synchro, 


and is there modified by the amount of the correction. from the rotor 


of the differential synchro the signal goes te the stator of the turret 


synchre control transformer where it may generate an error signal that 
will slign the guns to hit the target. Pics 1 shows only one plane of 
motion for the sighting station and the turret drive. the notion in the 
other plane, either azimuth or ele vation is obtained by another exactly 


sinilar system. However, both the azimth and elevation servomechanisns 


use the same computer. 


The servonechaniem driving the turret is characterized by the 
amplidyne and is entirely electric. iriefly, supposing the computer to 
ve turmed off and the synchro differential rotors to be aligned with 
their stators; then a signal voltage is sent from the synchro generators 
directly to the synchro control trensformer in the turret. The turret 
is geared to the rotor of the contre] transformer. Suppose that the 
turret is in slight misslignment with the rotor of the generator. Then 
an errer voltage appears across the contro] trensformer reter terminals. 
This voltage is transmitted to the servo-amplifier which applies recti- 
fication and power amplification to it and uses the resulting current 
which is still proportional to error in the amplidyne contro) fields. 
The amplidyne is the final power amplifier for the servonechanisn and 
sends & controlled ameunt of current te the turret drive motor érmeture. 


fe 
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The motor has @ separately excited fields hence, the torque and speed ae 


motor receives its current it tums in @ direction to align the turret ze eh 
suanitiad, ditty the daneititien of Wan mnadtiie tenia wht, Ged 1 TE 
celling out the error voltage in the control transformer roter. The a fi 
turret drive servonechanian has characteristics which may be made al- : 
most anything within the limits of a position control servomechanisn. 4 ; 
Depending upon the design of the serve amplifier, the explidyne, and 
the turret drive motor, it may vary from almost critically damped to ab- g 
solutely unstable. Supposedly the system will be designed to have Mg 
characteristics most desirable in its application. . “4 
It de important to nete here, as indicated by figs 1, that Ay, 
there is no feedback or coercion between the turret and the computer , 
or the sighting station. the catenths and elovesien inthensienm Of Silh ' 
guns are fed to the computer from the differential synchros in the com 
puters hence are not necessarily the actual gun position. on the other 
hand, the sighting station and the computer are intimately related by 
Qe end qyreceapes ant the renging device. This peculiarity makes it we 
possible to study the computer independently of the turret, but not of 
the sighting station. 


In particular, the problems at hend deal with the computer of 
Gentrel station fire control system that is weed in the Air forces! 129, 
The computer involves six servomechanisms. Actual computetion is done 
vechanically when the servo motors position the various gears, differ- | 
entials, worm gears, end “waggle sticks". Fig. 1 indicates thet the 


-* 


5 
(2) and (2) Aximith and elevation computed gun position from 
the differential synchro rotors, 
(3) Range from the range potentioneter positioned by the cun- 
ner st his sighting station. 
(kh) True air speed, density altitude obtained as a single con- 
trolled voltege from the handset unit available in the 3-29 
to the navigator. 
(5) and (6) Nelative velocity of the target with respect to 
the ganner's aircraft modified by projectile tine of 
flight te give lead; furnished by two gyros in the sight- 
ing station and a time-of-flight electrical network in the 
computer. | 
‘Pigs 2 de a schematic bleck diagrem of the computer which shows the " 
essentials of the six servomechenisms and their mechanics] Linkages. 
Plate IV indicates some of the electrical and mechanical details of 
the potentiometer resolver and the axis converter which together sfford 
the adjustments to the total correction motors. Plates II and III give 
fromt and beck views of the computer. Here salient visible pointes of 
interest heve been labeled. 


The operation of the computer is best described by taking tro 
examples. in the first case, suppose, for example, thet conditions are 


set as follows: The sighting head at the sighting station is started 
t moving in azimuth, but not in elevation. Wo range is being put in. The 


altitule and airspeed resain constant. In other words, only the lateral 
component of lead correction is being considered. The angular velocity 
of the sight head causes the azimuth gyro to precess, closing @ contact. 
qhis, in turn, energizes two relays causing the azimuth tote] correction — 
moter to turn in the proper directions The total correstion moter is the 
servo drive for the rotors of the differentéal eelsyns (both 1 and 31 
speed). Necessary feedback oceurs since the total correction motor also 
dvives the axis converters ‘The axle converter positions the potentio~ 
meter resolver, which sets up a voltage to establish @ current in the 
gyro erecting coils to precess the gyro off the contacts. The letter 
conditions hold constant as long os the sight head moves at « continuous 
rate@e That is, the gyro erecting coil has just sufficient current te | 
keep the gyro off the contact. In positioning the rotor of the differ 
antiel synchro, the total correction motor, through its gears, hes nodi~ 
fied ‘the sigasl from the sighting station by the amount necossery for 
lasd correction. 

Ae @ second example, consider that the sight hesd is being held 
steady in both asimuth and elevation, thet eltitude and sirspesd are con~ 
stant, wut that the gwmer is ranging on a target. It is presumed that 
the range serve channel in the computer is matching perfectly the range 
signal sent from the sighting station. Through a mechaniesl linkege which 
converts rotary to lateral wotion (the pantograph and waggle sticks) the 
potentiometer resolver is again positioned away from neutral. This aetion 
again sete up a voltage to drive current through the gyro erecting coils. 
Since, in this ease, there is no lesd correction, and no toryue due to 
anguler velocity, there is no torque to counterbalance the torque set > 


by the erecting colle Therefore, the erecting coll torque causes the 


Tien didicnilidian, ten ahs nmiaten wttiiins eiael 


ing coils receive ao more current. And, as before, the total correction 
moter positions the rotors of the differential synchros, which in turn 


notewrthy facts may be set down pertaining to the computer and its servo- 


- govern the gum position. 


From the figures, plates, and the previous discussion, several 


mochanisms. These ere: 


(1) 


(2) 


(3) 


(lh) 


the range, eltitude ani air speed, and azimuth and cleva- 
Be eee Op Cerne ae ee 
potentlomter type. 

The agimuth and elevation correct gun position input servos 
are of the synchro type. 

All six of the servomechanisms are of the so-called contact- 
er types That is, the error signal is amplified and thea 
weed to open ant clove relays which Latter actually swply 
the driving current to the servo moter. 

The computer ond sighting station are intimately related by 
the lead computing gyros in the sighting station in that all 
corrections generated by the computer must go to the sighting 
station before becoming gun orders. 

As originally set up, it was proposed to investigate all six of 


the servonechanisms in the computer from the Transfer Locus viewpoint as 


presented by Tr. A. C+ Hall in his Anslysis and Synthesis of Linear Servo- 
mechaniams. With this viewpoint in mind, of course it is assused that the 


contactor type of servonechanian will behave like « continuous onse 
Panhany 18 ca Genie to tate ao may ete cementctttan So pasiee . 
ible. Then, if tine permitted, the transient response to step funotions | 
of the sorvowechanisus were to be investigated as suggested by Dre Ce Se e 
Draper in bis Instrument tnalysis and by Ur. G. 5+ Grow in Transient 

Behaviour ani Design of Servomechanisms. ‘ith the sbewe cherseteristios — 
known, then the ability of the computer to perform its function ean be 

predicted in sdvanoee It mag then proposed te set up a synthetic problen 
for the computer, put it in te the machinery, and observe the sccuracy _ 
of the results apposring st the output of the differential synchro rotors 
Yost of the above outlined progras necessitates the use of » sighting sta= 
tion. imfortunately, that did not become availablee Senes, the procedure 
had to be modified to imslude statics of ouly thie ef the serve chamels, 
eed of extmah, cavebten, ond gungny and certain chnvesterketies of Oe 
tetal correction motors. , 


In the subsequent presentation of results the notation used is 
that of urs. Draper, Brown, ami Hall as given in their previously eited a 
workss the sinusoidal esciMlator, shown in Plate I, was built for this 
and previous experiments by the authors. The computer dealt with is the A 
so-called “single parallax" variety, Model 2CH101, computing gun orders for 
only one firing station. | 


Range input to the computer mechanianm is through en electrical 
potentiomater-controllad. leesurement of range is made 
sight hood with @ stadionetric type reticle, sdjustment of which 
to span the wing of s target airplane, sets the controlling potentioneter 
to the proper value for the range measured. The relay-contector type 
servomechaniem in the computer responds to this signal end drives the 
measured value of range into the mechanism 

The analysis of the range input chemel is nade with three 
najor aims: 

«4s Inwestigation of the gonerel performance of the basic 
“gervonechaniam eg such, including transfer loous and velocity error 
studies. 

2) Pxperimental determination of the statie input to output 
 goneitivity of the channel. 

3) Dnavestigetion into the maxims range rates to which the 
system can respond. 

In the detailed discussion which follows, these three topics are kept 
 geperate as far es possible, though « certain amount of overlap in seope 
is wrvoidable. ; 

The servo system «es investigated through application of a 
ainusoidal foreing function on the input potentiometer. Keasurement of 
input position (4) ami output position (6,) were made simultaneously in 
beth magnitude and phase by use of a cathode ray oscilloscope. 


a) 
tae” - 


. 
A simplified layout of the range chennel is shown in Fige 3- 
This figure further shows the addi tional circuit required to introduce 
the cathode ray oscilloscope inte the system so as to properly balance 
out any fixed voltage levels, since ©, snd 6, were both desired as 
famAtnen vedsing ehtmnbity eek « cue velwwente herlis 

Use of the euthode ray oscilloscope for measurement of the 
tro quantities, 6, and @, with Cnebr phave @.2Serenes ie cleerly indti- 
ested in Fige he Syetem error, which will be written ae f, with f= 
®, - Gy» wight have been measured instead of @ or @, and thks techalque 
is used of necessity in later parts of the worke The calewation of 
veetor f is easily done by vector subtraction of @, from 6, and in the 


usuel case E is found te be leading the input, 6+ The ratio @,/T, de~ 


fined es the transfer function of « serve system, is found by rector 
divi sions 

the sero position of @, was chosen ss 375 yards range end the 
amplitude of oscillation about this value wes set at 25 yards. It we 
evident from analysis, as will ve brought out in « later discussion, 
that the range channel. wis not linesr throughout ite range of 250 te 


1500 yards, but an investigation of the servo performance in one section — 
of ite range wus considered sufficient to shew general performance. The 


frequency of input was varied from about 0615 to 37 cycles per second, 
this variation cavering the usable rangs of the device. | 

Da be ovtelned in this investigation is recorded in Table I, 
which also includes the ecditionsal item calculated ss necessery to 
permit plotting of the standard transfer=lecus curves develeped by Dr. 


‘Servomechunions". the ratio of output to input, @,/e,, nith megnituie 
and phase plotted seperately, is shom in Pigs Se the transfer-loew 
the system, @,/f, is plotted on polar coordinstes in standard servo- 
“moghanion fashion and presented in Fige 6s These two plots illustrate 
the performance of the system and bring out all saliont charscteristics. 


| Sb hth hp anees ea, sath es tndintnnatnies ettiied at didad « 
‘mochaniom analysis as developed by fr. Ball in tho reference previously 
Cited was primerily directed temrds continuous systems, ite application 
to @ discontinuous system, relay-contactor controlled type in this case, _ 
| vesults ins locus plot quite similar to what might be expected of a 
continuous system. The individual éiscontiaulties are small ith refer 

ence to the overell operating region and are effectively smoothed by the 
Mass and frictional damping of the mechanical portions of the system, 

thus perndtting a general analysis of this system along the well-developed 
pattern of continuous servomechani sms. 


The transfer~locus, Mig. 6, shows the system to lave the gummed 
form of ® proportional servo throughout its operating region. Por thie 
type of servo the characteristic equation may be written as: 


JoBy + LM + kifiy = key 
4d, is the effective mass of the system reflected to the output 
shafts 
f, is the effective viscous damping of the system reflected 
to the output shaft; 


k is the proportionality feetor or gain constant of the 
Systeme 


Than charectexiotie equation way be witées ie web-Gineinioes’ Soil osr 
S, +258, + 0%, 2 wea 
where W is the naturel frequency of the system © \5 
o 
and  § is the demping constant of the system = ff) i 


ceeleetemaell ‘ A 
2vEy, 


Assuming that the system operates as » simple proportional servo 
then, it obeys the laws of the 2nd order differential equetion. rom 
Pigs 5p of @5/0, the meximun value of the resonance function, that i, 
© 0/84 (nae) = JA(mox), 4s found to be 1.2] amd this maximum occurs at « 
forced frequency of 6.95 cycles per second. Vtiliaing the curves of 
Plates 6 snd 12 from the pamphlet entitled "Instrument Analysis", by 
Profs Ce Se Draper aud Walter Meiay, entering with this resonance data, 
the valus of the camping constant, § , ean be detersined and algo the 
value of the firejueney ratio, /? » oJ, at whieh resonance vcours. J is 
thus found to be OskhS and B cans) ¥ ¥0 0080. ‘The resonsnt frequency 
of the servo may then be calculated as ae = 1-187 cycles/second 
This value of natural frequency is sosesheat low for ® good servomschanism 
though the value of § is within the range of weusl engineering practice, 
Qe to eT 7 

Actuslly, the tranefer-locws rises above the negative imaginary 
axis on the poler plot, Figs 6, indicating the existence of some higher 
order effects than sritten in the sisple proportions] equation end this 
existence is verified at anee by the plot of the phese angle of @, 


a 


- J ; 13 


versus frequency, igs S, which differs considerably from the usual forn 
fo & second order equation. These higher order effects are useful in 

they tend to improve the response of the mechanism, particularly in 

 pedueing the value of error at velocity inputs. Such an input is the 

| ousl case for the range servo since it represents « range rate input. 


Purther study into the performance ond anslyais of the range 
 Gnput channel was made through a series of velocity inputs. The range 
input potentiometer was driven at various anguler retes snd the error 
of the output in following its input was measured on a calibrated cathode 
| gay oseiHoscope. The non-linearity of the systen wes neglected and the 
"4 - Gnpub range rate was computed on the basis of the time to close range by 
800 garnls, in the soale region 1200 yarie to 100 yards. Trror wis 
measured in volts ami conversion from volts to yards is possible through 
wee of the range sensitivity curve later obtained. As a quantitetive — 
messure this portion of the work is somewhat inaccurate by reasus of the 
ss son-Lineagity of the system and ite varying sensitivity from maximum to 
uf sinimwn range indicatione Qualitatively, however, the results indicate 
A the order of error at various range rste inputs, and give en exact value 
of the maximum error to be expected. 


second, corresponding to closing attacks from 75 to 681 miles per hour. 
frror in volts at the input to the servo amplifier corresponding to the 
variow: range retes is recorded in Teble II. The plot of this error 


| ' pata was taken for range rates from 37 to 333 yarée per 
a 


verow range rate in miles per hour is given in Pige 7- This plot is 


eosontially linear. hgakn returning to tbe assumption previously madey vee 
that the nechouten perfomance equstion is of second order, tne te, of ‘ 
the form: | | 

3, +2648, + he 2 Ws, | | 
‘nin Wehner cenee Sor ony sabia subs taget ont bs an aele 
culated, neglecting initial transients, as: 


Derivation of this steady state error term my be found on pages W-12 0 
of the paper entitled, "Transient Behaviour and Design of Servosechsnisns’, — ‘i 


by Dire Gordon S+ Brom. This is a linear equation and its plot should cy 
“pass through the origin at sero input velocity. The experimental date ‘ 
show: the proper linear relationship, but does not pass through the ee 
origine The value of error at sero velocity input is then the miniwun " 
error to which the channel will respond to its input end is of the erder = ; 
of the noise or hash level in the system. : i 


Experimental evaluation of the input to eutput soneitivity of 
the range channel was made at the computers Overall sensitivity of the 
range system from the sight to the computer should obviously be unity, 
thet is, a given range as measured at the sight reticle must be eventually 
transaitted to the computer correctly within such mechanical, electrical, 
and computational limits of accuracy as my be necessary 


A @imple stadLametric ranging unit meaeures range as a fune~ 
tion of a base length and an angle. ‘he output of such a system as 


™ 6 3 where 

+ ahs o 2 tp lat, § tes ge 

4 angle subtended at measuring — 
* station by the base length 

R range in units of the base 
m length. 


‘AS @ is substantially the input to the ranging potentiometer which the 
Computer must follow, it is preferable to write the previous equation 
ae 2 B+ The eyuntion my be further transformed to & 
——@ & tan) (anttlog (10g 2 = tog R)) se 
Actually, because of mechanical limitations in construction of the ‘ 
reticle forming slots in the sight unit of thie systea, it was found de- y 
, £ 


%o further modify the input term R to » function of R other than 
reciproeal as called for in the previous equations. The final result 
then written as: , | , . 
® = tan”) (antilog (log n + log £(2)) ) 
“This somewhat complicsted relationshp is generated at the sight ant de~ 
livered as the input angle @ to the rance transmitting potentioneter 
through « non-circular gear trains @, is then enswered at the computer 
through a matehing set of non-linear gears on the # potentiometer, the 
nat result being delivery of range values from sight te computer at a 
sensitavity of unity. Beth input and output potentioneters are thenselves 
5 linear within sanufscturing tolerances. 
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Sensitivity ot the computer was measured in terms of yards 
output range per volt imput from the error measuring 6, and @, 
potentiometers. The method used to measure this sensitivity is ex= 
plained in conjunction with the circuit eonneetions as show in Mige 9» 
Certain ranges were set on each of two potentionaters connected so as to 
alternate as the @, input by the throw of « double throw single pole 
sud. teh These ranges corresponded to acjacent scribed values on the com 
puter internal range scale, thus setting a mean range end a range inere= 
ment between the potentiometers. The computer was then allowed to follow 
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one of the input signals to its set rangee [irect current input to the aie 


range follow-up motor was out off end the SITT ewiteh throm to the 

other potentiometer. frror voltage developed for the known range incre= 
ment was then read on a vacwam tube voltmeter, Hewlett Packard typo kOOA. 
OF Senay en aaah, heed 6,» wae ape ee OS ee 
of yards/volt and defined se existing at the mean range between the two 
ranges set on the %, potentiometers. Reaidual errors were also seasured, 
these being the error in volts still existing after the computer had 
matohed the input signal as closely s# possible. These errors correspond | 
to the hagh or noise level previously mentioned and are the miniaun voltage 
errors required by the range channel for any response. Sensitivity data 
thus compiled is presented in Table III, and a plot of Sp» versus mean 
range is given in Mige 10e hie plot shows an almost linear increase of 
range sensitivity from misimen to maxiews rance liaite of the computer. 
Seasitivity inereases from about 5 yards/volt at a minimum range to 35 
yerds/volt at maximan range. This agrees qualitatively with the theoreti- 
cal equation previously written for input to the trang tting potentiometer, 


¢ 
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Ag linear in the early part of ite range. 


Prom the velocity stuly previously discussed ami is conjunc- 
tion with the sensitivity curve of Pig. 10, it is possible to esloulate 
the maximan errors in range likely to be present st any given range 
rate. The largest error voltage ssasured was 1.100 volts ot 681 miles 
per how and if this error cecurred nesr maximum range where the sen- 
sitivity 4s approximetely 35 yerds/volt, the range error would be only 
about 38.5 yards. Generally, the range error due to range rate is 
considerubly less then this maximm. Wenee, it is clear that velocity 
error crused by the incoming range rate is aot a serious cause of can 


_—sputational error. However, analysis of the saximm rate of range in- 
put, which io limited by the maximm speed of the range follow-up motor 


does show some serious deficiencies. 
The actual relation between input range R and the angle X , 
expressed in radians, of the rotation of the motor output geer from 


some suitably chosen initial position, is given by the following formula: 


wer xs 6242 logy, (R + 110) = 42712 log, (n + 120) 


taken from e pamphlet entitled "Ranging in Defense of the 5-29 Against 
Mose Attacks” by 2. 6. Lewis. 
Taking the time derivative of this equation: 


worn “e ® Sim) & - 


> 2 001216 r (Rn - 110) 
uhere fF = revolutions per sinute of the noter output gear 


= oh ae and is « saximm of 250 revolutions per minute. 
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Prom this formula s table ean be computed of the maximm range 
rate possible for the computer to follow at various input ranges. Such 
a@ computetion yields the data presente! in Table IV. This table show: Ve 
that at ranges less than 1000 yards the computer camot follow a range — +i 
yeh 68 YEO ublan pe heer, wish Value shhh cently te cipetenne th. He ae 
@ nose attack. As the range closes to 500 yards, which is the usual ef- : } 
fective~opeanfire range for an attacking fighter, the maximum input 7. 
range rate is only 375 niles per hour. This analysis clearly shows that — 
the grestest Mmitation on the acourscy of the range input is the maxi- 
man speed of the range follow-up moter. Por sutiefactory range input 
in an attack problem at speeds of standard serviee aireraft the follow-up 
moter should run at about twlee ites present rated speed. 

Recaplitulation of the results obtained in the amalysie of the 
Range Input Channel may be made as follows: 

| (1) The Range Input servonschanism approxismtes the simple 
proportional type, with a natural Zrequency of 1.207 cycles/sesond snd 
@ damping mtio of OelkS. Maximum value of the resonance function, 
@,/% 5-48 1620. , | 

(2) Velocity errors in the system result in a meximun error 
in range of about hO yerds at » 700 mile per hour closing range rate. 

(3) Meise or hash level in the error chennel sverages about 
Se5 volte, equivalent to about 265 yards at minimom renge and increas~ 
ing to sbout 19.0 yards at maximum range. in 

() Mexiwwm range rates to which the channel can respond by 
reason of the followup seter speed linitation become increesingly un 
satiafactory balow 1000 yarda present range, until at ranges belew 900 


yerds, the systes is wmble to meet range rate requirements in defense 
ageinst sost acrmal attacks. 


, GHAPTER III 


ELEVATION AND AZIMUTH INPUT CHANNEL OF THE COMPUTER 


." The elevation and azimuth channels to the computer are electro- 
— They ere selsyn type follow-up systems. In 
ere enn eer een Sane Sees She Siiing een a 
ee 
4 


‘. 
nal by the amount of the total correction. ‘The signals are then sent to 

the contrel transformers on the turret and from there to the servo am- 
plifier and finally position the guns to their correct position. The 
azimuth and elevation gun position systems also contain control trans= 
formers in the computer (only one speed selsyns used) which are connected 
in parallel with those on the turret. Thus, the corrected gun signal - 
which is fed to the azimuth and elevation turret selsyns - is also fed 
te selsyns in the computer. Since the computer's ontuuth and elevation 
channels are almost identical, only the azimuth function will be de- 
scribed. Investigations were conducted on both channels. 

The rotor winding of the azimuth selsyn control transformer in 
the computer is connected to an amplifier in the computer. The output 
of this amplifier actuates a relay system which in turn supplies power 
to a small follow-up moter. This causes 2 shaft to rotate, which gives 
the computer the correct value of gun azimuth, as well as driving the 
reter of the selsyn control transformer. 

In order to understand the basic principles of eperation, as 


well as the methods used in measuring, a simplified computer gun-position 


system is shown in Figure Ll. Aseume, for example, that the sight and, 
hence, the lespeed gelayn rotor on the sighting station are turned 
five degrees in a clockwise direction. A voltage will appear acress 
the roter winding of the computer control transformer. This voltage is 
applied te the input transformer ef the amplifier. The polarity of 
this voltage is such ap to make the left hand grid positive and the 
right hand grid negetive during the half cycle that the tube ie con~ 
ducting (plates are positive). The left-hand grid will allow current _ 
to flow in the left aide of the tube, while the right-hand side is cut 
off. This will cause the operating coil of relay R-~OW te become ener 
gized, while the operating coil of R-CCY remains de~energized. When | 
relay R-C® picks up it closes its normally-open R-CW contest, and opens 
its normally~closed RCW contact.» This applies positive 27 volts te 
teruinal (B) of the moter, and connects terminal (A) to ground, thus 
causing the moter te retate in such 4 direction as te drive the agimuth 
qun-position shaft and the selayn control transformer rotor in a clock~ 
wise direction. The motor will continue to drive witil the voltage 
across the control transformer rotor winding becomes sere. 

The investigation was conducted to study the stetic and dynamic 
qualities of the chamel up to the computer aximuth sheft, to deteraine 
the negnitude of errors intreduced inte the lead computing stage by the 
selsyn transmitting system 

Two studies were made: 

(1) A stedy of the response to « sinusoidal forcing 


function over a range of frequencies. (@ « A sin wt). 
(2) A staty of the steedy state error at conttant 


speeds of rotation. 


Measure of magnitude and phase of the errer signal was mode 
by we of the Cathode Ray Oscillescope- The wiring ascessary to in- 
troduse the scope inte the control circuit is shown in Fig. ll. 

Ta this ease, as mentioned in Chapter Il, error ms measured 
rather then the output, @. irrer (EK) and input (@,) were measured. 
“Phase difference and amplitude were determined as indicated in Pigure he 
this information permite o vector plot of 6,/E. Dsta is found ia 
Tables V and VI- 

Thea 
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the plot of 6,/£ any thus be obtained by moving the @,/f plot 
to the left « distance of one utit. Transfer loci plets of the acimuth 
end olevetion response are shown in Figures 12 and 13. These show that 
these syutems, even though they are contactor serves, follow the general 
plan of a coed proportions] servemechani sm. 
From this plot (@,/T) and dete obteinad in the Table for 6/2, 


data for @,/%, may be cbtainsd since 


Soe = Moles 


Phase angle for @,/@, is equil to the difference in the phase 
angle of @,/F and @,/%- These values are tabulated in Tables V and YI. 

Plots of 6/@, for the gaimuth and elevation channels are 
shown in Figures 1, and 15. 

The velocity study was conducted by driving the selayn gener= 
ater on the input at a constant sperd. The elevation and azismth chaa~ 
nele gave aiwilar results,and data obtained om both are incorporated 
imto one Table and plotted as one curves Measurements were mde on the 
Cathode tay Oseilloscope in a manaer similar te the siauseidal study. 
The error voltage was meagured as a linear distance on the oscil Lloscope 
serene A subsequent investigation permitted this linear distance te 
be calibrated ss degrees or nile of error. ‘This was done by blecking 
the computer outpat shaft and seasuring the oseilloscope displacement 
for known errors. 

{he data. for these investigations is tabulated in Teblee VII 
and VIII and the curves of calibration and angular error are show in 
Pigwres 16 and i7- 

The anslysie of the above mentioned data yiclds values for 
the § and @, of the elevation and aainuth chamels. Use was again 
made of the references and formulas mentioned in Chapter II. 


Elevation 
ya max * 1el2 at Wy = 1.7 cyches/see 
(fvem Fige 15) 
§ * oS 


B= 7 


pus ) 
7 = ttl 


Wa 22-1 eycles/eee 


Oy = 1. 

These values for 5 wre within the range of good enginser~ 
ing practice, 0.) te 0-7. The resonant frequeacy is somewhat low for 
usual engineering practice, but in a gun directing system this type 
of response is desirable. Oscillation of the sight dus te vibretion 
of the alreraft or movement by the gumer at high frequencies sre 
smoothed out by the poor response of the computer at these frequencies. 
the aeall value of » at the lowar frequencies is also deuirable. 

Investigations conducted by the Department of Physies, University 
of Sow Maxieo (Teste Related te the Defense and Tactical Use of the 2-29) 
tend to prove that the overall syste: (turret and sight head included) 
show « much larger value of * , a smaller value for { , and a higher 
Tesonant frequency. 

The stcady state error introduced inte the lead computing 
System varies aimpct Linearly with the angular rete of the sight. The 
ize of the errors, though largs, do not introduce much error in the 
@gtusl final computed lead. Also, the aximuth and elevation of the 
turret folloss the signel introduced by the sight more closely since 
the turret is fitted with both one-speed and Yi—speed control transformers. 


The referenes noted above (Tests Related to the Defense and 

Tactical Use of the B29) draws attention to the fect that with the 
overall cystem, the gum position error at constant angular rates is 
greeter with the computer linked in the system than with the computer 
by-passed and oube This error varies with the euimuth. Obviously, 
this larger error inarement is introdused by the computer. Part of 
the error is due te the error in the esimuth signal received by the 
cumputiag sayatem at an augular rate. 
Go determine the magnitude of the lesd errer in asimuth in 
treduced by the incorrect saimuth signal te the computing system, © 
parallax of forty feet is assumed. This is the approximate value of 
the lergest parellex found in the system. The magnitude of the error 
ia further dependent apen range, relative velocity of the target and 
the animuth ef the tergete Curves showing representative values of 
this error are presented in Figure 15. The following developuent was 
weed to determine these values 

¥ = Speed of the target perpendicular te the lias ef 

sight and reletive to the bombing aireraft. 

R = True range in feet. 

$ = True asinuth angle off the bow. 

Ly = Lead angle due to parallax. 

"4 * trror in asimath angle sent to the computing systeme 

% = Error in lead angle due to error in azimuth angle 

received by the computing system. 

Us Angler rete of rotation of the sight. 


Wat 


tg may be determined from Fige 17 by entering with Ww ee an 


. Then by the law of aines applied te the simple parsllex 
 @agren 
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Ly and ly are small angles so 
by = sin Ly 
ty + Bw ain (ly + my) 
the 1 ain Ot By) 
He Band 
l= MO [atm (6+ ty ) ~ ata 4] 
’ a (sin # cos By + cos # win By ~ sin f) 
> [cos # win Hy + win f (eos By ~ 1)] 
cos ty © 2 
|") * 4 cos f ain ty 


This development shows that while the error received by 
the computing system aay be appreciable, the finel errer in lead 
applied to the gun position signal is small. However, it explains 
the origin of part of lead error intreduced by the computer and 


demonstrates the reason for its variation with esimithe — agh ‘. 
The results obtained in the Asimuth and Mlevation Channels 
may be sunenrised as follows: ? 
(2) The Antmuth end TLevation servomschanisns approximate — 
® simple proportional type, with « natural frequency of 261 cycles , 
per second in the azimuth channel and 1.69 in the elevation chanel. 
Yelined Of the duuphug vatie ware tn the sues of gnet ebeatine 
practices 0.51 for the azimuth channel, Osh? for the elevations 
The respones of the overall sytem appears to be poorer 
than the computer alone, and while the computer is pertially respen- 
sible for any system iag, ite individual meponse is good and is ef- — 
fective in suoothing out sight hesd oscillations. | | 
(2) The use of the oneespeed selsyn channel alone in the 
computer regulte in poorer matching with the positioning signal than 
at the guas, and imiroduces an appreciable error Late the computing 
system when the sight head is rotatinge This signal error results in | 
& small error in computed loade 
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cuarTm: lV 
ALZTTUDE AWD ALRSPERD iAP UT CHé MEL OP TRE COMPUTER 
Ali tate and Airspeed input to the computer mechanian is 
through an electrical servomechanism potentiometer-contrelled, very 


similar te the range unit. Settings of indlested air speed, tex 


parabens, onl Vasemstabe Ghttate are ante on the Altitule ant Mr 
peed Handset Unit loested in the navientors compartment of the 
B-29. ‘These three inpute are combined at the Handset tit into a 
Gingle function representing true air speed and density altitude by 
& complicated network made up of fifteen pctentiometers. The final 
output fusction is trenemitted es a voltage signal to a recaiving 
potentiometer located in the computers The amplifier and follow-up 
eystem reaets to error voltage existing between input siguel and re- 
ceiver potentiometer in the same manner as the range channel servo. 
No Hendget Unit was available and no data could be located 
to persdt investigation of this channel for 8 determination of sensi- 
tivity Speelfie data was not taken for this channel but obcervations 
ware made of its speed of response. ‘The performance is extremely slow 
ead this channel is by fr the worst servomechanism of the computer. 
Instructions as set forth in the operstional manual for the 
system arc to make settings on the Handset Unit sufficiently in ad- 
vanee of a firing problen to permit at least five seconds elapsed tine 


for the follow-up system to react. 
Thie shannel is obviously « weak link in the computer input 


system but has been tolorated on the assumption that airapeed and al- 
titude changes will be negligible during normal firing probdlens. 


CHAPTER V 


The final output of the computer consists of a total correc i 
tion applied mechanically to a differential seleyn generater. The a 
firing stetion then follows the sighting station signal leading or iE 
Asaving by the sunemd of tered cecrection Sntredneed at the difSup~ - 
ential. Two separate systems are used, one for ezimuth correction, 
the other for el vation correction. Only the arimuth channel is de 3. 


scribed indeteil, as the two are identical in general design features, 
Reference to the echematic circuit shown in Fige 1) will aid in under~ 
standing the lead commutation process. 

Kinematic lead is computed by rete gyroscopes in the sighting 
station, Two singlesdegree~of-freedon units are used. Moverent of the f/ 
sight in tracking brings the gyro case up against contacts on the gyro : 
element heving the effect of closing a single-pole-double-throw switch 
to left or right, csueing the asimth total correction motor te drive in 
& corresponding direction. The necessary feed-back path to the gyro 
element is via a pair of erecting coils which apply an electro-magnetic 
torque on the gyro element in euch & direction as to precess it away | 
from the contact on the case. { solution has been reached when the | 
notion of the case tewards the gyro element is exactly offset by the 
precession ef the element away from the case. Under these conditions, 
the contacts remain open and the tetal correction moter is stopped, the 
correct computation for the problem having been made and the tetel cor 
rection driven into the differentiel senerster. 


(hy 
i Summation of #11 items involved in the total correction is 

| at the petentioneter resolver unit. This unit is positioned 
nanioally by gun position and parallax correction. The electrical 
ge applied to the potentiometer elements is varied through e net~ 
work which receives altitude and airspeed, range, and ballistic (chiefly 
time of flight), The overall d.c. voltage of 28 volts evaileble for 
the equipment is reduced to 22.5 velts ty @ precision voltage requlater 
and this voltage is further modified by the fore-sentioned network be= 
fore it is applied te the resistance arms of the potentioneter resolver. 
recession of the cyro elesent is contrelled ty the current through the 
erecting coils which,in turn,is contrelled by the position of the slid» 
dng contacts on the potentiometer resolver resistence arms. 
The intersrelation of the various items of the computation 
“gyutem is evident from the past discussien. > cemputetion hue actenkly 


The original plan of investigation inte the performance of 
"Aide computing aysten exlled for detailed exp rinental ond theoretical 
 qnallysis of the lead computing gyroscopes, with regard particularly te 

their sensitivity and frequency respense. Unfoertunstely, ne sichting 
station could be obtained in time to te of use in the present project. 
| Much time wee spent in aneffort to aynthesize an input cir 

cuit resembling thet of the sight gyro elements. ‘The contacter type 


@f input can readily be devised but the necessary feedback channel 
defies all efforts st aynthesis. This difficelty arises because of 
the aunner in which #11 corrections except that due to kinamatie 
. Ised are applied to change the seneitivity of the lead channel, rather 
then having ell corrections arrive inéapendently at a summation wait 
for generation of total correction. Consequently, 4 computed kinematic | | 
Reed corresponding ‘te o given problem cannet be entered syuthetienlly rd 
inte the computer for analysis, since the sensitivity of the lead channel 
is a variable depending on all other factors of the problem. The final 
eonclusion of thia part of the study ie, therefore, that in any further 
analysis of thie fire control system, the computer and sighting station 
must be treated simultancously rether than as independent unite. 

Such investigation inte the lead channel as is pessthle be- 
comes limited by neceesity to a simple study of its respense speed. 
The total correction motors are eseentially constant speed. ay edroadt 
design they ere set to operate at & slow speed during the first 1.5 
otitis eethtiek: tn Secguamn to & ten cignall tema tes Ghden eee 
then shift te a higher epeed if error persiste longer than 1.5 seconds in 
tine. The time deley circuit is eo constructed that the 1.5 sevond delay - 
tine is meesured from each instant of contact clesing. This means that 
when error is emall and contacts are clesing aliernately right and left 
width & ported Ines then 1.$ socends, the tetel correction autores sentin 
at sler speed. igh speed is avellable only when ths error signal per 
siste in the same direction for more than the delay time. The chief 
function of slow speed operation is te improve the smoothing of problem 


| Gan tape ef civenth destgn exten foun 0 Centematel Miathe> 
- Perore, no mutter how large, are corrected at glow speed for 145 
iets Waove the Cetek eovveckton meter shifte to high specs, urther 
“more, 1f the computing tine required is in the vicinity of 1.5 + to 2.0 
“ gecnds, the moter will shift to high speed just as the problem nears 
solution, reculting in overshooting and lack of mocthness, for greater 
| computing tise the problem solution is alsays approsched at hich speed, 
overshot, and then backecorrected at low speed, since the tine delay 
girouit functions as soon as the contact points operate. 
, Overall speed sensitivity of the lead channels are easily 
“measured in mils of total correction pr second. seth slow and high 
| sensitivity were deteruined experimentally for each channel and 


ay In Pigs. 20 and 21, curves sre drawn to show computer solution 
Siiiitihies to. ditine © gomn wich, cervectien wee So th sidan ale 
ferential and ths to the guns. These curves are plotted on the assump- 
tion of no overshoot in the problem solution and an instantaneous shift 
of speed at the moter upen the expiration of delay tine. While somewhat 
ideal, the results indicate the solution time required by the computer 
for any total correction within its limits. 

Since the computer may conceivably be holding a set-up fron 
& previous preblem, the total correction moter may heve to drive from a 


delay time was also measured. This date is presented in Teble Ik. | 


Asad in one diroction dom through sero to a lead in the other direction. , 


‘The curves of Pigs. 20 and 21 are, therefore, dram te include 4 maxizum 
total correction chenge of twice 250 mils, which is the Limit in either © 
direction ef the aximth or elevation channel. | 

The study of the total correction chanaels which are fundamen= 
tally lesd-computing channels wedified in sensitivity te include all 
fireecontrel corrections, indicates that the computer solutian tiwe is 


@ variable controlled by the type of problem te be solved. this variable 


relationship is essentially discontinuove and made up ef two Linear funo- 
tions of tetel correction verens time ae shown in Figs. 20 and 21. 
Generally, solution time increases with the amount of lead required by 
the problon. 

The characteristice of the lead computing system may be briefly 
summarized as follows: | 

1) selut ion time increaeses with total correction required, 
whence it follows that the computer takes Longest time to reach @ corm 
‘pect solution to a high speed problem. 

2) Preblems sre slowed unduly in their solution because the 
Cuhids ereeckien tyuten eprethen oh vise epeed far tes Shack 1.3 ealede 
‘of solution time. 

3) The overall ection of the computer discriminates against 
the high speed problem where lead and solution time are greatest, but 
where the createst rapidity of solution is needed, since firing time in 
these preblems is at @ minizum. 


4) The manner in which kinematic lead ie introduced to the 
computer prevents adeqcuete synthesis of probleme unless a sighting 
station is available to use in conjunction with the computer itself. 


GHAPTER VI 


COUCLUSIONS AND RUCOMMENDATZONS 


fach mein section of the computer has been analysed experi~- 
mentally and theoretically to the limit of available equipment and 
treated in « separate chapters tn thke lsat chapter all results are 
coordinated to present a complete pleture of computer performance, final 
conclusions are draw, and recommendations made for further study. 

Recapitulation of results is made in an orderly form below 

1) The Range Input Unit approximates = proportional servo- 
mecherian, with a natural frequency of 1.187 cycles per second and a 
damping ratio of Oskk5S. The maximum value of the resonance function, 
@,/8,, is 1620. (Reference, Figse 5, 6 and 10-) 

2) Errors in present range produced by the velocity of range 
input, ieee, range rate, are  maximun of sbout 10 yards at 700 miles 
per hour and decrease approximately at a linser rate for lower range 
ratese (Reference, Figse 7 and 10.) 

3) ‘The minimum error existing in the range channel as deter- 
siead hy the eugather end fellewep ucter cemitivity is 6 vestalie, 
averaging about 25 yards at minimum range and increasing to 19.0 yards 
at maximum rangee (eference, Figse 7 and 10 for intermediate points.) 

Lh) Range input accurncy is limited chiefly by the maximun 
speed of the follow-up motor which is such that range rates of 700 miles — 
per hour cannot be followed below 1000 yards present rangee Furthermore, 
this dafect becomes progressively more serious with Snaneiintsie range so 
that at 500 yards present range the maximun range rate input is only 376 
wiles per how's (Reference, Table IVY for complete tabulatione) 


3 = io ; 
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, “ 5) The Aalmuth ani ovation Inyut Chamels approximte pro- 
- portional servonechanisns with = natural frequency of 26] in the asimuth 
| ghannel. snd 1669 An elovations Values of the damping ratio were in the 

| Fange of good engineering practice, 0.51 for azimuth, Os? for slevation. 
i the difference in mtural frequeney is due to the different equivalent 

_ mass of wiits driven by the two input channels. Fundementally they are 
md identical. (Reference Figs. 12, 13, lh, and 15-) 

6) The steady state errors in the azimuth ani elevation 
channels resulting fron input velocities in these quanti ties are appre- 
¥ ciable and appear in the lead computing system. This is largely a re- 

sult of using only = one~speed synchro feedback system in the computer. 
the turret servo~amplifiers give better response since beth one~speed and 
3i-apeed synchros are used. The positional error introdueed into the lead 
: computing system results in = small error in the computed leads This | 
error as finally received by the guns is within their dispersion pattern. 
(Reference Pigs. 17 and 18.) s 

7) The Altitwie and Airspeed Input Channel is controlled by a 
potentioneter servomechaniam very similar to the Range Unit. Its response 
characteristics are very poor. Hoxever, on the assumption that altitude 
and airspeed changes will be negligible during a firing run, its response 
We Gediiatiten ane she wibettg ctentg-ctete maven exe ob Mt i 
No Handset Unit was available to conduct experimental tests. — 

8) The total correction chamel operates as an unusual type 
of servomechanism, having variable, non-lineer sensitivity, 90 designed 
as to combine kinematic lead correction which is directly generated in 
this channel, with the other corrections of the fire control problen 
generated mechani cally elsewhere in the computer. 


9) Response of the total correction chennel is relatively 
slow. Problem solution is further slowed by the method of smoothing — 
weed, consisting of driving the chanel mechanism at about } speed and 
for 1} seconds delay time before shifting te high speed. , 

10) Solution time of the aysten is chiefly  fmetion of the 
total correction channel, increasing in a general Masar fashion es the 
emount of lead correction required in a given problem increases. Curves 
ef solution time versus totel correction required are drawn. (Reference — 
Pigse 20 and 21e) Zt must be noted, however, that solution time is nob | 
« simple fenstion of the problem being sulved since the compuber is not 
self-seroing but starte towards the now solution fram the valuss renain- 
ing set in from the previous problem. | F 

il) The sumputer unit, considered in ite entirely, dlesriniastes 
against the high velocity problem in both the range and totel correction 
channels. Sonsequestly, solation time and errors in solution are greatest 
when rapid solution and good accuracy sre most needed. 

12) The overell design of the computer unit is such ss te pre~ 
vent adequate introduction of synthetic problems for laboratory testa 
wailess used in conjunction with the sighting station. 


The couputation systen of the Central Station Fire Control Systen 
was found generally adequate ia principle and static sensitivity. the 
weak festures of the design are chiefly caused by poor dynemic response 
in the servomechanism channelse Suggested recommendations for inpreving 
this response are: 

1) Haising of the astural frequency of all servomechanisns 
used in the computer by « factor of at least 3 and preferably more. 
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ag sre regents prt rt notes of 


of suitable electric networks. 


2) Substitution of continsous type servonechanioms for the 


"relay contactor type installed. Fhane controlled, two-phase L00 cycle 
 gywtens should be the ideal solution. 

—-s«g)s amprovenent in the maximus driving speed of «12 input 
channels, partioularly the range and total correction units. 


Purther stwiy inte the performance of the Central Station Pire 
Control System remins to be undertaken. The following lines of attack 
are suggested: 

2) +Overall response characteristics of the total correction 
channel, sith particular reference to smoothing of tracking diserepen~ 
gles, can be obtained through use of a sighting station in conjunction 
with the computer, oscillating the sight head at various frequencies to 
make « transfer lecus study. 

2) ‘The lead gyroscope sensitivities can be determined by 
rotating the sighting station at known angular velocities and measuring 
the erection ooil currents required to open the total correction motor 
contacts. 

3) Ovwerell sensitivity of the computer-sight combination can 
be determined by introducing simple problans to the systen and observing 
the values of totel correction generated. Accuracy of this sensitivity 
gan be checked against theoretical computations baged on the same sample 
problems. 
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REFERENCE POT. 1S USED TO ELIMINATE FIXED VOLTAGES —— ONLY 
VOLTAGE TO CRO IS THAT VARIATION ABOUT THE ZEROAXIS 
INTRODUCED BY THE Oj POT. 
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ScHematic Ciracuit ror DETERMINATION OF RANGE SENSITIVITY 
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ScHEMATIC DIAGRAM SHOWING OPERATION OF SYNCRO AZIMUTH 
SERVOMECHANISM AND THE USE OF THE CATHODE Ray OScILLOSCOPE 
FOR FREQUENCY RESPONSE STUDIES. 
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Zero position of input, 6,, set at 375 yards range. 


Amplitude of @, for sinusoldel variation = 25 yards 
(equivalent to 2.00 uits magnitude). 


TABLE I 
Prequency Analysis Date for Range Channel. 
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Dete taken for a closing range from 1200 to )®O yarie. 


Cathode Ray Oscilloscope calibration - 3 inch deflection 


TASLY Iie 
Pate for Velocity Study of Range Channel. 
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TABLE IIL. 
Range Sensitivity Data. 
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TABLE Y. 
Frequency Beepanse Study for the Aximuth Channel. 
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TABLE VE. 


Prequency Response Study for the Wlevation Chamel. 
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TABLE VII. 
Steady State Error for Constant Angular Rotation. 


TABLE VITZ« 


Calibration Table for Gathode fay Osei Lloscope. 
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TASLE IX. 


TOTAL CORRECTION ComPUTATION DATA. 
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